In Brief
Using functional neuroimaging, Bjö rkstrand et al. show that disruption of reconsolidation with exposure to fearrelevant cues after memory activation attenuates neural and behavioral fear expression in subjects with a lifelong fear of spiders. This demonstrates that behavioral reconsolidation disruption is possible even for decades-old fear memories.
SUMMARY
Memories become labile and malleable to modification when recalled [1] . Fear-conditioning experiments in both rodents and humans indicate that amygdala-localized short-term fear memories can be attenuated by disruption of their reconsolidation with extinction training soon after memory activation [2] [3] [4] [5] [6] [7] . However, this may not be true for natural long-term fears. Studies in rodents indicate that although it is possible to disrupt the reconsolidation of older memories [8] [9] [10] [11] , they appear to be more resistant [1, 3, 9, 12, 13] . In humans, 1-week-old conditioned fear memories have been attenuated by behaviorally induced disruption of reconsolidation [14] , but it remains to be seen whether this is possible for naturally occurring long-term fears and whether the underlying neural mechanisms are similar to those found in experimental fear-conditioning paradigms. Using functional brain imaging in individuals with a lifelong fear of spiders, we show that fear memory activation followed by repeated exposure to feared cues after 10 min, which disrupts reconsolidation, attenuates activity in the basolateral amygdala at re-exposure 24 hr later. In contrast, repeated exposure 6 hr after fear memory activation, which allows for reconsolidation, did not attenuate amygdala activity. Disrupted, but not undisrupted, reconsolidation facilitated approach behavior to feared cues, and approach behavior was inversely related to amygdala activity during re-exposure. We conclude that memory activation immediately preceding exposure attenuates the neural and behavioral expression of decades-old fear memories and that, similar to experimentally induced fear memories, the basolateral amygdala is crucially involved in this process.
RESULTS AND DISCUSSION
We investigated whether fear memory activation prior to exposure training modulates the neural and behavioral expression of long-term fears by combining fMRI with a behavioral approach test in subjects with a lifelong fear of spiders. Participants were 45 subjects (33 women) aged 26.2 ± 7.57 (mean ± SD) years who had been highly fearful of spiders for 20.3 ± 7.95 (mean ± SD) years. Subjects were selected based on their score on a validated spider fear questionnaire [15, 16] , in which all scored above the 95 th percentile (see the Supplemental Experimental Procedures). The study ran over 2 days; the first day consisted of fear activation followed by repeated exposure to feared cues, and the second day consisted of re-exposure to feared cues followed by the behavioral test.
The first day, in order to destabilize memory representations, fear memory was activated by presentation of two slides of spiders, with subjects then being randomized into two groups. One group had a 10 min delay (10 min group) and the other a 6 hr delay (6 hr group) before receiving exposure training, now in the MR scanner. During the exposure training, one of the previously activated cues was shown seven times ( Figure 1A ), whereas the other cue was not shown again on day 1 ( Figure 1B) . Thus, one slide used to activate the long-term fear memory was followed by repeated exposure when the fear memory representation was unstable in the 10 min group, but stable in the 6 hr group. Also, for evaluation of whether the disruption effect generalizes to other repeatedly exposed stimuli or is specific to the activated and repeatedly exposed spider cue, a third, not previously activated slide was shown eight times during the exposure training ( Figure 1C ). On the second day, so that the return of fear could be evaluated, all three spider slides from day 1 and a new fourth spider slide ( Figure 1D ), were presented in the MR scanner. The logic was that if alterations in brain activity after disrupted reconsolidation are cue specific, then amygdala activity only to the activated and then immediately exposed stimulus (Figure 1A) would be reduced. However, if a generic fear memory concept rather than just a cue-specific representation was activated, both stimuli used for repeated exposure on day 1 ( Figures  1A and 1C ) would be associated with reduced amygdala activity in the 10 min group, but not in the 6 hr group, on the following day. Also, if stimulus generalization occurs, reactivity to the activated but not exposed stimulus ( Figure 1B) , and most importantly to the new stimulus ( Figure 1D ), would be attenuated in the 10 min group, but not in the 6 hr group, during the test on day 2. Thus, the central question of interest, whether disrupted reconsolidation reduces amygdala reactivity during the return of fear, was investigated, allowing the evaluation of whether the effect is cue specific or more generalized.
To confirm increased amygdala activity in response to spiders as compared to neutral stimuli, we also interleaved seven mushroom slides with the spider stimuli during the exposure training on day 1. When evaluating brain imaging data, we used a region of interest (ROI) consisting of bilateral amygdala [17] , and locations within the amygdala were determined using a detailed medial temporal lobe atlas [18] . Throughout, all statistics reported are corrected for multiple comparisons using small volume correction by applying family-wise error correction within the specified ROIs. For illustrative purposes, we display effects exceeding a statistical threshold of p < 0.05 uncorrected for multiple comparisons with a minimum cluster size of 5 voxels Experimental conditions: after fear activation followed by seven exposure trials on day 1, the memory was tested on day 2 (A). Exposure to spiders on day 1 was performed either within the reconsolidation window after 10 min (10 min group) or outside the window after 6 hr (6 hr group) after fear activation. Another spider cue was activated but not presented during exposure (B). An additional cue was presented eight times during exposure day 1 but was not preceded by activation (C). On day 2, a new fourth spider slide was introduced (D). Within each group, subjects were exposed to all experimental conditions, and pictures were counterbalanced across subjects. Results: fMRI demonstrated increased amygdala activation from day 1 to day 2 in the 6 hr group (n = 23) as compared to the 10 min group (n = 22) for the activated and repeatedly exposed stimulus (xyz = À27, À7, À14; Z = 3.45; p < 0.0001; p corrected = 0.006; 1,053 mm 3 ; xyz = 27, À1, À14; Z = 2.34; p = 0.010; p corrected = 0.107; 432 mm 3 ) (A). For the activated but not exposed spider cue, amygdala reactivity tended to be higher in the 6 hr group than the 10 min group (xyz = À24, À7, À14; Z = 2.42; p = 0.008; p corrected = 0.091; 243 mm 3 ) (B). The exposed but not activated slide also elicited enhanced amygdala responsivity in the 6 hr group as Table S1 .
(135 mm 3 ) in all figures (see the Supplemental Experimental Procedures). First, as a manipulation check, we confirmed increased amygdala reactivity in response to spiders as compared to mushrooms, during exposure day 1 (see the Supplemental Experimental Procedures). Consistent with previous reports [19] , spider slides, when compared to neutral mushroom slides, enhanced amygdala reactivity, both in the 6 hr group (n = 23) (xyz = À21, À1, À23; Z = 2.65; p = 0.004; p corrected = 0.048; 837 mm 3 , with no differences between groups ( Figure S2 ). The results suggest that similar to extinction training in fear-conditioning experiments [2, 4, 6, 8] , no differences in response decline between the 6 hr group and 10 min group were evident, because both groups displayed a similar amount of reduced amygdala reactivity as a function of exposure.
As in previous studies, return of fear was defined as an increase in amygdala activity from the end of exposure the first day to the initial presentations of spider cues the second day [2, [4] [5] [6] [7] . For these analyses, we used brain-imaging data from the last two and first two stimulus presentations during day 1 and 2, respectively. Thus, each score represents the change in BOLD reactivity from the end of exposure day 1 to re-exposure on day 2 (see the Supplemental Experimental Procedures). We found support for the central hypothesis that repeated exposure within, but not outside, the reconsolidation interval affects the neural fear representation because amygdala reactivity to the activated and exposed stimulus was attenuated in the 10 min group but significantly enhanced in the 6 hr group on day 2 as compared to day 1 ( Figure 1A ; Table 1 ; for exploratory whole-brain analysis, see Table S1 ). Amygdala reactivity to the repeatedly exposed slide without previous memory activation ( Figure 1C ; Table 1 ), and also to the activated but not exposed slide ( Figure 1B ; Table 1 ), increased from day 1 to day 2 in the 6 hr group, but not the 10 min group, suggesting that a conceptual memory of spiders was activated and disrupted. Then, to test for generalization to novel stimuli, we evaluated group differences in response to the new spider introduced day 2, and we found that amygdala activity was relatively attenuated in the 10 min group as compared to the 6 hr group ( Figure 1D ). This indicates that the disruption effect generalizes also to new stimuli, which is again consistent with the notion that a generic fear concept, rather than a cue-specific representation, is modulated by disrupted reconsolidation. All peak activation voxels were located in the basolateral area [18] .
After the re-exposure session on day 2, a behavioral approach-avoidance test was given, in which subjects, by pressing one of two buttons, could choose to view a spider slide or not. None of the pictures in the behavioral test were included in any previous phase of the experiment, and subjects were informed beforehand that the task included new pictures. Choosing to view a spider was concomitant either with no monetary reward or with receiving 0.1, 0.5, 1, 2, or 5 SEK (Swedish Krona; 1 SEK z 0.11 USD)-i.e., varying degrees of monetary reward motivated the approach behavior. Subjects completed four trials Within-group amygdala alterations from day 1 to day 2 in groups with (10 min) and without (6 hr) disrupted reconsolidation to spiders after (A) fear activation and repeated exposure, (B) fear activation only, and (C) repeated exposure only. The measure of amygdala activity is BOLD activity, and statistical parametric mapping statistics given are peak voxel coordinates in MNI. The arrows indicate increased or decreased activity from the end of exposure. NA, not applicable.
for each value condition, adding up to a total of 24 trials presented in randomized order. A mean approach score for each value reflecting the proportion of trials subjects chose to view a spider was calculated, and results were entered into a 6 3 2 mixed-effects ANOVA with value (0, 0.1, 0.5, 1, 2, 5 SEK) and reconsolidation condition (6 hr versus 10 min) as factors (see the Supplemental Experimental Procedures).
Results showed that approach behavior was affected differentially in the two groups on day 2. Across both groups, approach was linearly related to amount of monetary gain ( Figure S3 ). Increasing motivation through reward facilitated approach behavior more in the 10 min group than the 6 hr group, because when given the choice to watch spider pictures or not, subjects receiving disrupted reconsolidation choose to do so more often than subjects receiving undisrupted reconsolidation when paid the higher amounts (2 and 5 SEK) (Figure 2A) .
Finally, to determine whether neural activity predicts behavior, we correlated fear-elicited amygdala reactivity to the activated and exposed spider during re-exposure day 2 to approach behavior averaged across the two high-gain conditions, where group differences emerged (see the Supplemental Experimental Procedures). Amygdala reactivity was inversely related to approach behavior in the 6 hr group, but not in the 10 min group ( Figure 2B) . The areas in which amygdala reactivity was altered after disrupted reconsolidation overlapped with the areas predicting behavior ( Figure 2C) . Collectively, this implies that disruption of reconsolidation reduces fear expression at both the neural and behavioral level and that neural activity within the amygdala guides approach behavior.
Studies in rodents have demonstrated that the amygdala is crucial for disrupting the reconsolidation of experimentally induced fear associations, because post-activation injection of pharmacological compounds directly into the lateral amygdala (LA), disrupting plastic processes, attenuates later fear expression [8, 11, 13, 20, 21] . Likewise, studies in rodents using behavioral disruption of reconsolidation have implicated plastic processes in the LA to be involved in mediating the updating of fear memories [2, 3] . Imaging studies in humans have also shown decreased amygdala activity to fear conditioned stimuli after behaviorally disrupted reconsolidation, with amygdala activity predicting later fear expression [5] [6] [7] . Here, we extend these findings, demonstrating basolateral amygdala involvement in behaviorally disrupted reconsolidation of naturally occurring long-term fears in humans. Disruption of the process of fear memory reconsolidation resulted in the attenuation of amygdala reactivity, whereas undisrupted reconsolidation was accompanied by increased amygdala reactivity during the return of fear test.
Reconsolidation disruption of old fear memories has been demonstrated a number of times in rodents via pharmacological disruption, and several studies show a temporal gradient such that the susceptibility to disruption decreases with the age of the memory [3, [8] [9] [10] [11] [12] [13] 22] . In humans, memory activation prior to extinction attenuates later fear expression in 1-week-old memories [14] . Here we demonstrate that also decades-old fear memories are sensitive to behavioral disruption, as fear activation prior to exposure attenuates subsequent fear-elicited amygdala activity and behavioral expression of fear. Thus, both in humans and rodents [11] , very strong memories can undergo reconsolidation. In order for the reconsolidation disruption phenomenon to have clinical relevance, it is important that it also affect old memories, as treatment of anxiety disorders is usually implemented years after fears have been established. Our results suggest that fear activation prior to exposure treatment may be used to enhance the effectiveness of behavioral therapy for anxiety disorders, possibly improving between-session retention of treatment gains and reducing relapse. This is in line with previous research showing that long-lasting fears can be modulated with pharmacological disruption of reconsolidation, as post-activation administration of the beta-adrenergic blocker propranolol facilitates later approach behavior to fearinducing stimuli in specific phobias [23] . Cue specificity is another aspect of the reconsolidation phenomenon that may have relevance for clinical applications. Because previous studies in humans have shown that the effect of pharmacologically disrupted reconsolidation of fear-conditioned memories generalizes within stimulus categories [24, 25] , we chose to include conditions to evaluate this question. Our results indicate that this is indeed the case because in subjects receiving disrupted reconsolidation, amygdala activity was attenuated to cues presented at activation or during repeated exposure only, as well as to novel cues. Also, subjects receiving immediate exposure after activation approached novel fear cues to a greater extent than subjects receiving delayed exposure.
We conclude that exposure training initiated when fear memory representations are labile facilitates approach behavior by attenuating fear expression in the basolateral amygdala. Decades-old fear memories are thus sensitive to behavioral disruption, and the amygdala seems to hold a key brain representation not only of experimentally induced fear associations, but also of long-term fears acquired in natural settings outside of the laboratory. Behaviorally disrupted reconsolidation of fear memories could therefore be a mechanism of great clinical relevance. 
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